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The Effect of Wiggler Imperfections on Nonlinear
Harmonic Generation in Free-Electron Lasers

Henry P. Freund, Sandra G. Biedrdviember, IEEEStephen V. Milton, and Heinz-Dieter Nuhn

Abstract—The generation of harmonics through a nonlinear instabilities in FELS show an increasing sensitivity to both
mechanism driven by bunching at the fundamental has sparked in- electron beam and wiggler quality as the harmonic number
terest in using this process as a path toward an X-ray free-electron ;-reases. However, in the nonlinear mechanism, the harmonics
laser (FEL). An important issue in this regard is the sensitivity . ' o
of the nonlinear harmonic generation to wiggler imperfections. are driven by the growth of the fundgmental, and it m"fly be
Typically, linear instabilities in FELs are characterized by in- €Xpected, therefore, that the sensitivity of the harmonics to
creasing sensitivity to both electron beam and wiggler quality wiggler imperfections mirrors that of the fundamental. As we
with increasing harmonic number. However, since the nonlinear ill show in this paper, that is, indeed, the case.
harmonic generation mechanism is driven by the growth of the The specific example considered is the above-mentioned

fundamental, the sensitivity of the nonlinear harmonic mechanism LCLS. Th inal itt d d for th
is not severely greater than that of the fundamental. In this paper, : € nominal emitance and energy Spread 1or the

we study the effects of wiggler imperfections on the nonlinear €lectron beam are derived from radio frequency (RF) pho-
harmonics in a 1.5-A FEL, and show that the decline in the third tocathode gun and linac simulations for a single-wavelength
harmonic emission with increasing levels of wiggler imperfections “slice” of the beam that indicate a normalized emittance
roughly tracks that of the fundamental. £, = 1.07—1.5r mm-mrad and an energy spread of 0.006%
Index Terms—Electromagnetic radiation, electron beam appli- can be achieved. In addition, the LCLS wiggler uses multiple
cations, free-electron lasers, frequency conversion, frequency-do- segments (with an amplitude of 13.2 kG and a period of 3.0 cm)
maip analysis, nonlinearities, nonlinear differential equations, sim- 4 4 flat-pole face design with strong focusing in the gaps. The
ulation. resonant wavelength is near 1.5 A. For simplicity, we assume
a single-segment parabolic pole face (PPF) wiggler, thereby

I. INTRODUCTION eliminating the necessity of any external focusing. In addition,

HE GENERATION of harmonics through a nonlineatVe assume the beam is characterized by a slice energy spread

mechanism driven by bunching at the fundamental, Whi&pdhemlttance of Ol..OOG% ar1d1|7r r;\m—mrgd, rgspelct!vely. q
has been studied in 1-D [1], [2] and 3-D analyses [3]-[5], h‘ETD(EJ 82'[[)3] n[ch IrE?f—rf 1 O]pc;sycustgg]?gcsir?:l];tg“%r; r::c?n-e
sparked interest in using this process as a path toward an X-f. e _ .
free-electron laser (FEL). Studies are in progress for an FEL tg=ar generation of harmonics. MEDU.SA. uses planar ngg_le_r
serve as a next-generation light source. The current design 9§P metry and treats the electromagnetic field as a superposition

the Linac Coherent Light Source (LCLS) at SLAC [6] employg G_auss—Hfarmne modes. A Gaussian electrqn beam Q|str|bu-
: g%n is used in energy and phase space. The field equations are

current of 3400 A in conjunction with a planar wiggler with adntegrated simultaneously with the 3-D Lorentz force equations

amplitude of 13.2 kG and a period of 3.0 cm (yielding awiggIePr an ensemble of electrons. No wiggler averaging is imposed

strength parametdt =3.7) to generate 1.5-A X-rays using the™" the orbit equations, and MEDUSA is capable of propa-

fundamental interaction. However, at this short wavelength tﬁg’gng tlrf1e elec_:t:ontlb etam tthrout?]h arb |trarytrr:jagne'luctlstruc:utrr(]as
interaction is extremely sensitive to wiggler imperfections. |gnd sefi-consistently trealing the associated evolution of the

this paper, we study the effect of wiggler imperfections on theéectromagnetic field. . L
pap y 99 P It should be remarked that linear harmonic instabilities co-

nonlinear harmonic generation mechanism. Typically, linear.” =" . . :
exist with the nonlinear generation process. However, since the

growth rates of the linear harmonic instabilities decrease with
. . ) anreasing harmonic number, and since these linear harmonic
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harmonic mechanism to wiggler imperfections. The PPF wit !

gler can be represented as . rEb= 1|4_é5IG‘e\} ot 1
107 E

Bu(x) = [Bu(2) + ABy(2)] , | 1,=34004 E
Ko ko . & =l.1zmm-mrad E
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wherek,, denotes the wiggler wavenumber for a wiggler pe 20 40 60 80 100 120
riod A, By, (z), andAB,,(z) denote the systematic (i.e., non- z (m)

random) and random variations in the amplitude, respectively.

The systematic variation in the wiggler amplitude is assumed#ig. 1. Evolution of the power in the fundamental and third harmonic for an

]

be ideal wiggler.
) kw2 15 .
B,SIIIQ LU) 0<Z<N)\ T T T T T T AN R LA A I L S
By(z) = ¢ <4Nw ’ R )| + fundamental 7
B, Nyt < 2 %\ g g
which describes an adiabatic entry taper over the fitstwig- = 10 Eb =14.35 GeV .
gler periods. 4 [ 1 =3400 A ]
The random component of the amplitude is chosen at regu r b .
; ; ; o £ =1.17 mm-mrad B
intervals using a random number generator, and a continuc o Coe = p ]
map is used between these points. Since a particular wigc g 5F AEb/Eb=0‘006% -
may have several sets of pole faces per wiggler period, the :1 C B - 132KG ]
terval is chosen to bz = A, /N,, whereN, is the number Eow 1
of pole faces per wiggler period. Hence, a random sequence L A =30cm 1 ]
amplitudes {AB,.} is generated, wherdB,, = AB,,(nAxz). oL b L L
The only restriction is thah B,, = 0 over the entry taper region 0.000 0.005 0.010 0.015 0.020 0.025

[i.e., AB, =0for0 <n < 1+N,N,]toensure a positive am- (ABW/BW)rmS (%)

plitude. The variation i\ B,,(z) between these points is given

by Fig. 2. Variation in the saturated power at the fundamental with the rms level
of wiggler imperfections.

62
ABw(nAZ + 62) - ABn + [ABn+1 — ABn] Sin2 <g A7 )
z

(3)  gain length of 1.73 m in the simulation, which is in close accor-
dance with this scaling law.

where0 < 6z < Az. In the rest of this paper, it shall be as- In studying the effect of wiggler imperfections, we choose an
sumed, for simplicity, thatv, = 2. Observe that it is possible rms fluctuation level and generate multiple fluctuation distri-
to model the effects of pole-to-pole variations in specific wigautions using a random number generator. Using a sufficiently
gler magnets with this formulation. large number of such distributions, we can determine the fluctu-

It is useful at the outset to characterize the performance fation statistics to within an arbitrary degree of accuracy. In prac-
an ideal wiggler (i.e.AB,, = 0). Then we plot the growth of tice, we find that using 30 different randomly generated fluctu-
the fundamental and the third harmonic in Fig. 1 under the aation distributions yields an accuracy of within about 1% for
sumptions that the initial power in the fundamental correspontle ensemble average of the saturated power. Note that it makes
to the spontaneous noise level of 482 W [13] while the third hdlittle sense to discuss the effect of wiggler imperfections on the
monic is undriven. The fundamental saturates at a power legalin length because, in many cases, the fluctuations in the beam
of 13.66 GW over a length of 119 m with a gain length of aprajectories due to these imperfections result in no clear region
proximately 5.30 m. This is within about®s of the predic- of exponential growth.
tion from the linear analytic theory of 4.83 m [13]. The third The decline in the average power level in the fundamental
harmonic reaches a maximum power level of 275 MW overwith increases in the rms fluctuation level of the wiggler im-
length of about 120 m. As pointed out earlier [1], [3]-[5], theerfections is shown in Fig. 2, where the error bars denote the
gain length for the nonlinear harmonic generation mechanistandard deviation. Note that the average power decreases by al-
scales inversely with the harmonic number. We find a harmonieost a factor of two asXB,,/ B, )rms increases to 0.02%. In
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Fig. 3. \Variation in the saturated power at the fundamental and third harmonic[8]
with the rms level of wiggler imperfections.

9]

addition, the standard deviation increases with increasing levels
of wiggler imperfections. It is important to recognize that thesgiq)
results are statistical in nature. With careful sorting of individual
magnets, an actual wiggler can be expected to produce pe[r'L-1
formance anywhere within the ranges shown in the error bars.
Hence, for the optimal magnet sorting, there need be no pekl2]
formance penalty unless the variations about the mean in th[%]
magnetizations of the individual magnets comprising the wig-
gler exceed about 0.015%.

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 37, NO. 6, JUNE 2001

REFERENCES

R. Bonifacio, L. de Salvo, and P. Pierini, “Large harmonic bunching in
a high-gain free-electron laselucl. Instrum. Meth.vol. A293, pp.
627-629, 1990.

R. Bonifacio, L. de Salvo Souza, P. Pierini, and E. T. Scharlemann,
“Generation of XUV light by resonant frequency tripling in a two-wig-
gler free-electron laser amplifieNucl. Instrum. Meth.vol. A296, pp.
787-790, 1990.

H.P. Freund, S. G. Biedron, and S. V. Milton, “Nonlinear harmonic gen-
eration in free-electron laserdEEE J. Quantum Electronvol. 36, pp.
275-281, 2000.

Z. Huang and K. J. Kim, “Nonlinear harmonic generation of coherent
amplification and self-amplified spontaneous emission,” Nucl. Instrum.
Meth., 2001, to be published.

S. G. Biedron, H. P. Freund, S. V. Milton, X. J. Wang, and L. H. Yu,
“Nonlinear harmonics in the high-gain harmonic generation experiment
(HGHG),” Nucl. Instrum. Meth., 2001, to be published.

LCLS Design Group, “LCLS design report,”, Springfield, VA, NTIS
Doc. DE98059292, Apr. 1998.

H. P. Freund, “Nonlinear theory of short wavelength free-electron
lasers,”Phys. Rev. Evol. 52, pp. 5401-5415, November 1995.

S. G. Biedron, H. P. Freund, and S. V. Milton, “Development of a three-
dimensional FEL code for the simulation of a high-gain harmonic gen-
eration experiment,Free-Electron Laser Challenges, Nol. 3614, pp.
96-108, 1999.

S. G. Biedron, H. P. Freund, and L. H. Yu, “Parameter analysis for a
high-gain harmonic generation FEL using a recently developed three-
dimensional polychromatic codeucl. Instrum. Meth.vol. A445, pp.
95-100, 2000.

H. P. Freund and T. M. Antonsen Frinciples of Free-Electron Lasers
2nd ed. London, U.K.: Chapman & Hall, 1986.

] R. M. Phillips, “The ubitron, a high power traveling wave tube based

on periodic beam interaction in an unloaded waveguitRE Trans.
Electron Dev. vol. ED-7, pp. 231-241, 1960.

E. T. Scharlemann, “Wiggler plane focusing in linear wiggleds Appl.
Phys, vol. 60, pp. 2154-2181, 1986.

M. Xie, “Design optimization for an x-ray free-electron laser driven by
the SLAC linac,” inProc. IEEE 1995 Particle Accelerator Cont995,
IEEE Cat. no. 95CH35843, pp. 183-185.

Now that the effects of wiggler imperfections on the funda-
mental have been characterized, we proceed to the effects on the
third harmonic. To this end, we plot the variation in the saturated

power at both the fundamental and third harmonic in Fig. 3on a , _ o
| ithmic scale. Itis clear from the figure that the variation iHenry P. Freund received the Ph.D. degree in plasma physics in 1976 from the
ogarl : g Gniversity of Maryland, College Park.

the average saturation power levels is not as regular as that at tlt is a Senior Scientist at Science Applications International Corporation,

fundamental; however, the genera| decrease in power |eve|§_\@§ean, VA. He has_worked on space plasma _physics, paramgtric instabilities
AB. /B . £00.02% i ble for the fund in beams, and noise in microwave tubes. His primary research interests are cur-
(ABy,/ By )rms increases to 0.02% is comparable for the fun Tntly concentrated on coherent radiation sources, such as FELs and traveling

mental and the third harmonic. Indeed, the ratio of the poweriave tubes. He is the co-authorRfinciples of Free-Electron Lasernd over

the third harmonic to that in the fundamental remains relativehf0 SCFie”“ﬁg PaPeFfsliln theffiﬁ'dAOf FELs. Physical Society and ber of
o - - Dr. Freund is a Fellow of the American Physical Society and a member o
constant at about 1.2% (within the error bars) across the enHg(g)'Division of Plasma Physics and its Division of Physics of Beams, and is a

range of wiggler imperfections studied. member of the New York Academy of Sciences.
In summary, a three-dimensional, polychromatic simulation

code has been employed in studying the effect of wiggler

imperfections on nonlinear harmonic generation in high-gain

FELs, including those in the X-ray regime. It is well known

that the linear harmonic Instablllty in FELs is more sensitive t&ndra G. Biedron (M’96) is the Chief of Operations of Accelerator Research
and Development and Scientific Liaison between the Operations Group and

both eleCtro_n beam and vy|gglerquallty _than is the Tundament% Accelerator and FEL Physics Group at the Advanced Photon Source,
However, since the nonlinear harmonic mechanism relies Armonne National Laboratory, Argonne, IL. Her research interests include

the growth of the fundamental and the corresponding bunchi'ﬁ%rs, high-gain, single-pass, free-electron lasers, the combination of laser
al

fth | b . dth he eff f wigal electron-beam systems, the operation of user-driven accelerator facilities,
of the electron beam, it was expected that the efrect of WigglEgical and industrial uses of beams, the design, construction, upgrades and

imperfections on the nonlinear harmonic mechanism woudgltensions of existing laser and accelerator facilities, and coherent preserva-
track the effect on the fundamental. This expectation wdign in frequency upconversion. She recently started an international work

. . . . roup (FEL Exotica) searching to develop viable, coherent, high-brightness,
indeed, borne out in simulation. For parameters consistent rE V\Savelength So)urces_ 9 P gnong

the LCLS design, the power ratio in the saturated power in thems. Biedron served as Secretary and Treasurer to the Chicago Chapter of the

third harmonic to that in the fundamental remained relativegEE Magnetics and Nuclear and Plasma Sciences Society during 1997-1999.
e is a member of the the American Physical Society (APS), the American

ConStfint' tO.Within th? error bars, as the rms fluctuation level ;Q?sociation of Physics Teachers (AAPT), and the Optical Society of America
the wiggler imperfections rose to 0.02%. (OSA).



FREUNDet al. WIGGLER IMPERFECTIONS ON NONLINEAR HARMONIC GENERATION IN FREE-ELECTRON LASERS 793

Stephen V. Milton received the Ph.D. degree in 1990 from the Department ¢feinz-Dieter Nuhnreceived the Ph.D. (Dr. rer. nat.) degree from the Faculty of
Physics, Cornell University, Ithaca, NY, where he studied the beam dynamMsthematics and Natural Sciences, Bonn University, Bonn, Germany, in 1988,
of electron positron colliders. where he studied the dynamics of beam transfer between electron synchrotrons
He is Group Leader for the Accelerator and FEL Group at the Advanceahd storage rings under Prof. W. Paul.
Photon Source, Argonne National Laboratory, Argonne, IL. He is also the Ma-He is Group Leader of the Parameters Control Group and Deputy Group
chine Manager of the Low-Energy Undulator Test Line FEL. He is interestéaader of the FEL Physics Group for the Linac Coherent Light Source Project
in both the development and improvement of beam technologies, as well asahd Deputy Group Leader of the Accelerator Physics and FEL Group of
broad uses of these machines. the Stanford Synchrotron Radiation Laboratory, Stanford Linear Accelerator
Dr. Milton is a member of the American Physical Society and the Division dfenter, Stanford, CA. He is interested in the improvement of synchrotron
Physics of Beams. radiation light sources, particularly in the development of free electron lasers.
Dr. Nuhn is a member of the American Physical Society and its Division of
Physics of Beams and a member of the International Society for Optical Engi-

neering.



